Efficient I-V simulation of quantum devices using full bandstructure models.
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For several years it has been recognized that the single band effective mass model
is insufficient to simulate quantum transport in material systems which are cur-
rently under investigation. This has prompted a growing effort on the part of
theorists to include realistic bandstructures in quantum transport simulations.
However, full bandstructure current-voltage calculations have proven to be nu-
merically prohibitive. In this work we introduce an efficient technique to calcu-
late current-voltage characteristics for quantum devices using tight-binding band-

structure models.

I. METHOD

Efforts to realize useful quantum devices have re-
sulted in the investigation of a multitude of different
material systems. The proliferation of new material
systems has placed many demands on theorists try-
ing to predict quantum transport behavior in these
devices. In order to model quantum transport, it
is necessary to include all of the relevant states
which carriers may occupy. The quantum states
in a crystal are described by its energy-momentum
dispersion relationship or bandstructure. The ma-
Jjority of theoretical investigations of quantum de-
vices to date have employed highly simplified mod-
els of bandstructure. However, it has become ap-
parent that a more complete description of band-
structure must be incorporated into the transport
models if we are to simulate many of the promis-
ing material systems which are currently under in-
vestigation. However, full bandstructure models
require the inclusion of transverse basis states in
the Hamiltonian making I-V simulations numeri-
cally prohibitive. The predominant obstacle in per-
forming such calculations is the integration over ex-
tremely narrow spectral features arising from trans-
mission resonarnces.

In this work we provide a solution to the problem
of integration over transmission resonances. Our ap-
proach is to determine the position and width of
the resonance lineshape by numerically locating the
poles of the Green’s function GE(E) in the com-
plex energy plane. We have developed a shift and
invert non-symmetric Lanczos algorithm which al-
lows us to rapidly determine the location of these
poles'. The complex energies associated with the
poles provides the location and width of the sharp

features in the transmission coefficient. With this
information we obtain an energy grid which resolves
these features and an analytic fit to the transmis-
sion characteristic. This information allows one to
quickly calculate the current density in the device.

Using the location of these poles it is possible to
generate accurate analytic fits for transmission line-
shapes. We assume that the transmission coefficient
may be approximated by a rational function.
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Where EP and E? represent the location of the

poles and zeros of GF(E) respectively. The par- -

tial fraction expansion coefficients (R;) are treated
as fitting parameters for the transmission lineshape.
The real energy transmission amplitude is calcu-
lated at each pole location. These values are then
used to calculate a unique set of partial fraction exa-
pansion coefficients corresponding to the resonance
lineshape. A comparison between our analytic fit
and the exact transmission lineshape for a 34
GaAs/AlAs/GaAs barrier is shown in Figure 1. We
have employed the sp3s* tight-binding bandstruc-
ture model in the numerical transmission calcula-
tion?. We have included a transmission zero ( £7=0)
at zero energy in the analytic expansion in order to
force the condition ¢(0) = 0. Asillustrated in Figure
1, it is possible to obtain a rather accurate analytic
fit to the transmission curve using only the locations
of the poles and zeros of GR(E).

Our analytic fit is most accurate in the vicinity of
the resonances where one would expect the trans-
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FIG. 1. (Top) Solid line: numerically calculated
transmission coefficient vs. incident energy for a 34 A
GaAs/AlAs/GaAs barrier. The sp3s* tight-binding
bandstructure model is employed in this simulation.
Dashed line: analytic fit of the transmission coefficient
using the partial fraction expansion shown in equation
1. Fano resonances are due to the coupling of the bound
X-states with continuum I'-states in the barrier. {Bot-
tom) Poles (crosses) and zeros (circles) of GF(E) for this
structure.

mission amplitude to be a rational function. In
quantum devices the majority of current flow occurs
at energies that are in the vicinity of the resonances.
We may therefore obtain a good approximation for
the current density by integrating our analytic fit.
To calculate current densities we invoke the widely
used single integral approximation using the ana-
lytic fit for t(E).

J(V)= fﬂlfﬁizm/) dE |t(E, V)
4]
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We find the natural linewidths of some structures
to be as sharp as IneV and we would like to point
out that adaptive integration schemes (which are
typically used for this problem) tend to completely
miss extremely sharp resonance features unless the
required precision of the integration is set very high.
These algorithms add energy nodes based on trial
and error and measure the relative error of the addi-
tion of nodes into a certain integration region. This
integration region is then divided into segments and
these segments are again analyzed with the addi-
tion of nodes. This results in the addition of nu-
merically expensive nodes in energy ranges where
the absolute integral contribution is insignificant.
However this numerical search for resonances is nec-
essary, since the energetic location of these spec-
tral features is unknown a’priori. Not only is the
adaptive search for resonances expensive, it is also
prohibitive for long structures containing multiple
wells, like superlattices, since round-off errors in
structures with many phaseshifts accumulate and
create a noisy baseline, in which sharp resonances
have to be found.

We generate an inhomogeneous energy grid which
resolves the sharp resonances, the conduction band
edges and the carrier distributions. Our energy grid
is optimized for the minimization of the absolute
error of the integral contributions and we therefore
only place nodes where the integral contributions
are significant. The inhomogeneous grid is struc-
tured such that the individual integral contributions
are of the same order of magnitude, therefore min-
imizing numerical round-off errors. We find satis-
factory answers for typically 50 energy nodes per
resonance. Yve have also implemented adaptive grid
generation schemes which can be used for the im-
provement of the originally fixed energy grid.

The resonance locator and analytic current den-
sity calculation have been incorporated into an in-
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teractive multiband simulator which allows for rapid
quantum device design.

FIG. 2. Conduction band profile and density of states
for GaAs/AlAs resonant tunneling diode. Additional
resonant channels through X-states in the barrier are
apparent in the density of states.

II. RESULTS

We shall first demonstrate our techniques on a
GaAs/AlAs resonant tunneling diode (RTD) and
compare these results to experimental data. The
band profile and density of states for this RTD are
shown in Figure 2. In order to correctly model the
I'-X coupling which occurs in this device we imple-
ment the sp3s* bandstructure model?3, Simulated
current density as a function of applied bias is shown
in Figure 3 for both the analytic and numerical cal-
culations. For this structure the analytic current
density lies within 10% of the numerically deter-
mined current density. This is roughly within the
precision of the predictive capabilities of these mod-
els. Therefore, this technique is very useful to ob-
taining qualitatively correct current densities with
minimal computational overhead.

In Figure 4, we compare the sp3s* result to exper-
imental data and a single band effective mass sim-
ulation. The single band result significantly under-
estimates the experimental current density. Since
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FIG. 3. Numerical (solid line) and analytic (dashed
line) current density vs. applied bias for the GaAs/AlAs
RTD.

150 r . . T
— Experiment
======1Band
— = 10Band

100 |- In .

Current Density (kA /cm?2)
192
(o]

6 02 04 06 08 1
Applied Bias

FIG. 4. Comparison between single
band, multi-band, and experimental -J-V curves for the
GaAs/AlAs RTD. Additional current density predicted
by the multiband model is due to the non-parabalicity
of the imaginary band and conduction channels due to
X-states in the AlAs barrier.
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FIG. 5. Right: Complex band structure of AlAs for
single band and multiband models. In the multiband
model, the imaginary band connects with the light hole
valence band (other valence bands have been omitted for
clarity). Thus, the decay constant for electrons tunnel-
ing through this barrier is smaller than that predicted
by the single band model. The result is that the sin-
gle band model predicts the barrier to be more opaque
than reality. Left: Ilustration of the relative tunneling
transmission of single and multi band models.

the sp3s* result is much closer to the experimen-
tal value we may conclude that this is due to full
bandstructure effects. Note that series resistance
has been included in the simulated curves. This
accounts for the bi-stability seen in the multiband
curve.

One of the bandstructure effects that accounts for
the difference between the two models is the strong
non-parabolicity of the imaginary in the AlAs bar-
rier. As shown in Figure 5 the single band model
predicts that this band is parabolic and the de-
cay constant increases with decreasing energy (ref-
erenced from the top of the barrier). However, this
imaginary band actually connects with the light-
hole valence band rendering it highly non-parabolic.
Therefore, if the valence band is not included in the
model, the AlAs barrier appears more opaque to
tunneling than reality.

The other important bandstructure effect in this
device is X-valley transport in the barrier. As
is shown in Figure 2, the X-point conduction
band profile for a GaAs/AlAs/GaAs heterostruc-
ture forms a quantum well possessing bound states.
Since the longitudinal momentum is not conserved
in heterojunctions, these bound X-states couple to
the continuum states in the contacts. Therefore, ad-
ditional resonant channels are available in the AlAs
barrier via bound X-states. These channels are ev-
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FIG. 6. Resonant states'in a Si/SiO, RTD. Since the
well material is indirect, there exists a superposition of
two resonance spectra. One of these is derived from the
longitudinal valley states (dashed lines) and the other is
derived from the transverse valley states (solid lines).

ident in the density of states plotted in Figure 2.
Both of these phenomena account for the higher
current density predicted by the full bandstructure
model in Figure 4.

We have also calculated current densities in a
Si/Si05 resonant tunneling diode. Since Si is an
indirect gap material, we must use a bandstructure
model which accurately represents the lowest con-
duction band throughout the entire Brioullin zone.
We have chosen to use the four band, 2nd nearest
neighbor anti-bonding orbital model developed by
Chang®. The bandstructure of SiQ, was obtained
using an ab-initio pseudopotential method assum-
ing the fS-crystobalite structure. The anti-bonding
orbital matrix elements were adjusted to match the
ab-initio pseudopotential bandstructure.

As shown in Figure 6, the Si RTD possesses a su-
perposition of two resonance spectra. One of these
is due to states derived from the longitudinal val-
leys (Heavy Electrons m* = 0.91mg) and the other
is due to states derived from the transverse valleys
(Light Electrons m* = 0.19m¢). The 2D (trans-
verse) density of states for the light electrons (LE)
is a factor of nine greater than that of the heavy
electrons (HE). Assuming that the decay constants
in Si0, are similar in both regions of the Brillouin
zone, one expects that the current in this structure
to be dominated by the LE resonance spectrum.

The analytically calculated current density vs.
applied bias for the Si/SiO; RTD is shown in Figure
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FIG. 7. Analytically calculated J-V curve for the
Si/Si02 resonant tunneling diode. The main peak is
due to the light electron (LE) resonance. Fine struc-
ture in the valley current is due to heavy electron (HE)
resonances.

7. In this structure, the difference between the nu-
merical and analytic current densities is on the order
of 0.01%. This is due to the fact that the resonance
linewidths in the Si/SiO; RTD are extremely nar-
row (nano eV). Therefore, nearly all of the current
flows in a small energy range near resonance. Since
the rational function approximation is accurate near
resonances, the analytic J-V is accurate for devices
with narrow resonance features such as the Si/SiOs
RTD. The main peak of the J-V curve is due to the
ground LE state in the quantum well. The HE res-
onances produce fine structure in the valley current
of the J-V curve.

III. CONCLUSION

We have developed efficient numerical techniques
to locate resonances and analytically calculate cur-
rent densities in quantum devices using full band-
structure models. These have been demonstrated by
simulating both GaAs/AlAs and Si/SiOy resonant
tunneling diodes. The analytic calculation of cur-
rent density is most accurate for devices possessing
narrow resonance widths such as the Si/SiO; RTD.
The strength of this method lies in its ability to pro-
vide users with a qualitative and in many structures
quantitative current-voltage characteristic in a few
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minitues of CPU time of present day workstations.
This technique has been incorporated into an inter-
active multiband quantum device design tool.
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